The effect of a constant electric field 0 on the low-temperature Johnson noise of a metallic resistor is calculated by nonequilibrium diagrammatic perturbation theory. 
I. INTRODUCTION
Ever since the work of Bernard and Callen' theorists have sought in vain for an explanation of nonequilibrium current or voltage fluctuations that was as deep and general as the explanation of equilibrium fluctuations in terms of the fluctuation-dissipation theorem. To nonlinear order there probably is no correspondingly general explanation; the details of specific models play a major role.
In this paper we report on a first-principle microscopic calculation of the nonlinear response and fluctuations for a specific model. To make the necessarily lengthy calculations as short and easy as possible we study a system of metallic electrons that interact only with dilute, static, and isotropically scattering impurities. This can be a reasonable model for a metallic resistor at low'temperatures.
We calculate the properties of this system using a method developed some time ago. " The method has been widely applied but it has not, to our knowledge, previously been used to evaluate nonlinear fluctuations.
One motivation for performing these calculations was our desire to understand the intriguing experimental phenomenon ' (1/f noise) that nonequilibrium current fluctuations are supposed to exhibit. Our system does not appear to exhibit this phenomenon. This result seems to agree with recent experimental findings of Hooge and Vandamme' on dirty systems. These authors argue that their negative results show that. the noise must be due to phonons. For reasons discussed in the Conclusion, we consider this finding suggestive but not compelling. In any event, we agree with these authors that since most systems exhibit 1/f noise, a counterexample may well be useful in unravelling the riddle.
Although the calculation does not explain 1/f noise and is not necessarily generalizable, it does provide some new, interesting, and unexpected insights. For example, the reader may be surprised, as we were, to discover that perturbation theory yields divergent current fluctuations for the model. In retrospect this divergence can be simply understood on physical grounds.
In thermal equilibrium, for frequencies uo much smaller than both the collision frequency and the average thermal energy, the spectrum of current fluctuations is given by To obtain a finite result at long times, we must explicitly cool the system. We must include the interaction with the environment that compensates the Joule heating and allows it to reach a steady state. The-actual cooling mechanism is neither general nor universal. We might expect to be able to balance locally the heat generated by the electric field and the thermal energy flux produced by a thermal gradient. Although this idea is qualitatively correct, we shall find that the cooling mechanism in a true nonequilibrium stationary state and a thermal gradient are not precisely identical.
By eliminating the shortcomings of perturbation theory and allowing the heat to flow away, we obtain, with certain restrictions, finite nonequilibrium current fluctuations. Our We shall need the following propagators"'": We wish to determine the effect of an electric field described by the time-dependent transverse (V A = 0) vector potential in the interaction Ha, mil-
(3.12)
The collision time 7 and the mean free path / are defined by v '=-2vN(0)n,~u~'; l -= @~7/m =v~T. (3.13)
We now make the assumption of thermal equilibrium by using the boundary condition" valid in this case [V;et(x, (u) .
(3.14)
From Eqs. (3.12), (3.7)-(3.10), and (3.14), we Let us define the propagator"
where A is a constant, U(~) an interaction potential, and C the KBL contour, rules for recasting this expression in terms of the usual propagators are useful. For this type of "series" 
(3.31)
The bracketed quantity on the right-hand side can be regarded as a time-ordered product along a Kadanoff-Baym-Langreth' or Keldysh' contour with t always later than t'. Since the time ordering requires that t be later than t' we can write Eq. (3.31) as
The total time of the experiment V' 
34) The other rule we shall employ concerns parallel" multiplication.
If 
(3.36) 
( v) (-v) as well as those of Fig. 4 (j)" must be included when the propagator in Fig. 2 Fig. 4 will be proportional to v'.
We proceed to evaluate the diagrams of Fig. 4 .
The only two-vertex diagram we must evaluate is shown in Fig. 4(a) . When the vertex in Fig.  4 (i) is inserted for the shaded area, Fig. 4(a) clearly represents a density-density correlation function and vanishes at q= 0. "
The three-vertex diagrams are those of Figs. 4(b) , 4(c), and 4(d). For a system with particlehole symmetry these diagrams cancel" in pairs.
We can prove this fact by using the identities Fig. 4(h Fig. 4(h) . 
-~A (-v) +(v~-v) First, note that the three-vertex diagrams in Fig. 7 (in contrast to those in Fig. 4 Fig. 6 with cu, =~, =e. Fig. 9 , the value of the terms of order (q/)' depends on P.
Finally, let us observe that (a) the change in the current correlation function of a uniform system is a factor of m'/9 larger than we would guess by inserting the temperature change calculated from 
